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To regenerate light-sensitive rhodopsin in rods from active metarhodopsin II (Meta II), all-trans-retinal must be removed from
the retinal binding pocket and metabolically supplied 11-cis-retinal has to form a new retinylidene bond in the active site. Recent
work from this laboratory has focused on Meta II decay and release and uptake of retinals in opsin employing intrinsic protein
ﬂuorescence. Here we summarize the results in the retinal channeling hypothesis, which describes a passage of the chromophore
through the protein. 11-cis-retinal is taken up into an entrance site, and photolyzed all-trans-retinal is released from the active site
into an exit site.
 2003 Elsevier Ltd. All rights reserved.
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1.1. The rhodopsin cycle
In rod cells, visual signal transduction is triggered
when light is absorbed by rhodopsin, a prototypical G-
protein coupled receptor. The active state of rhodopsin,
metarhodopsin II (Meta II) is formed after light-induced
isomerization of the covalently bound chromophore 11-
cis-retinal to all-trans-retinal. In the ﬁrst ampliﬁcation
step of the visual cascade, Meta II rapidly catalyzes
activation of the heterotrimeric G-protein, transducin
(Gt). This leads through a cGMP phosphodiesterase
eﬀector to the closure of cGMP-gated cation channels in
the plasma membrane and neuronal signaling. Apart
from this well studied activation cascade, phototrans-
duction requires (i) reliable deactivation of the receptor
and (ii) regeneration of the light-sensitive ground-state.
These steps constitute the rhodopsin cycle shown in Fig.
1. In a ﬁrst deactivation step, Meta II interacts within
100 ms with rhodopsin kinase, leading to phosphoryla-
tion of Ser and Thr residues in the C-terminus of rho-
dopsin. Phosphorylated Meta II––still in the active* Corresponding author.
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doi:10.1016/j.visres.2003.08.011conformation––is then tightly capped by arrestin or its
splice variant, so-called p44 protein (Schr€oder, Pul-
verm€uller, & Hofmann, 2002), which eﬀectively blocks
further activation of transducin. Subsequent steps
within the rhodopsin cycle lead eventually to the recy-
cled, 11-cis-retinal bound receptor. They take place on a
longer time scale and include the dissociation of arrestin,
release and reduction of all-trans-retinal, dephosphory-
lation of opsin, and the regeneration of rhodopsin with
metabolically supplied 11-cis-retinal.
At the present state of our knowledge, it remains
widely unknown how these reactions steps follow and
depend on each other. In an attempt to resolve the in-
terplay between opsin–arrestin and opsin–retinal inter-
actions, it was shown that the interactions of arrestin
and all-trans-retinal with the phosphorylated apoprotein
stabilize each other. The complex dissociated under
conditions of retinal reduction, suggesting that the
chromophore can be released with arrestin bound
(Hofmann, Pulverm€uller, Buczylko, Van Hooser, &
Palczewski, 1992). These experiments with exogenously
applied all-trans-retinal are not directly relevant for the
situation that prevails in situ, when the all-trans-retinal
arises from photolysis and is released from the active site
of Meta II. In our recent work, we therefore addressed
the intermediates arising during Meta II decay. New
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Fig. 2. Classical representation of rhodopsin intermediates formed
during decay of Meta II. After illumination of rhodopsin, the active
Meta II intermediate (which provides the R conformation) is rapidly
formed and subsequently decays in a slow reaction to all-trans-retinal
and opsin (Matthews et al., 1963).The reaction requires Schiﬀ base
hydrolysis and all-trans-retinal release from its hydrophobic binding
pocket. In the classical reaction scheme, photolyzed all-trans-retinal is
released into the lipid bilayer. Secondary intermediates form by re-
combination of opsin and all-trans-retinal, as depicted in the scheme
(lower box). A fraction of Meta II is in equilibrium with a 470 nm
storage species, Meta III (Chabre & Breton, 1979), in which the
chromophore is still bound to the retinylidene binding site. Return to
the photosensitive but inactive dark state requires opsin regeneration
to rhodopsin with metabolically supplied 11-cis-retinal.
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Fig. 1. Kinetic skeleton of the reaction cycles of transducin and rho-
dopsin. A simpliﬁed scheme for the G-protein cycle (right) includes the
inactive G-protein (GDP bound state, G), the complex with the active
receptor (R G), activated G-protein (GTP bound state, G) and its
complex with the eﬀector of the visual cascade, the cGMP dependent
phosphodiesterase (G PDE). The short half times of the reactions
reﬂect rapid R G formation and nucleotide exchange within the G-
protein cycle. The receptor cycle (left) comprises the inactive receptor
(R), light-activated receptor (R), phosphorylated R (Rp), and in-
cludes proteins which block activity of the receptor, namely rhodopsin
kinase (RK) and arrestin (A). Receptor phosphorylation and forma-
tion of the rhodopsin–arrestin complex (Rp A) proceed within less
than a second. The reaction steps leading to the regenerated pigment
(R) are listed in the box and take place on the time scale of minutes.
These steps are less characterized and it is not clear how they follow
and depend on each other. The rhodopsin cycle is linked to the retinoid
cycle (not shown), which starts when all-trans-retinal is reduced to all-
trans-retinol by NADPH-dependent retinol dehydrogenase.
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intrinsic opsin ﬂuorescence that result from the release
of endogenous all-trans-retinal or binding of exoge-
nously added retinoids (Heck et al., 2003; Sch€adel et al.,
2003).
Although the species are identiﬁed by in vitro analysis
of Meta II decay, they may well play a role in the
physiology of the rod cell. Long-lived species, some with
a potential residual activity, may accumulate and de-
termine the sensitivity of the cell in the various phases of
recovery. Apart from its physiological signiﬁcance in
vision, the intramolecular retinal channeling mechanism
which arose form these investigations, is of interest in
terms of a possibly more general unidirectional transfer
of ligands through GPCRs.1.2. Formation of metarhodopsin III
Meta II decays in a slow reaction to all-trans-retinal
and opsin (Matthews, Hubbard, Brown, & Wald, 1963).
The decay reaction involves hydrolysis of the Schiﬀ base
linkage between all-trans-retinal and Lys296 of the opsin
apoprotein and the release of all-trans-retinal from the
hydrophobic binding pocket. A side product of the hy-
drolysis pathway is metarhodopsin III (Meta III, Fig. 2),
an orange product (kmax  470 nm) which slowly re-
places the pale yellow color of the Meta II product(kmax ¼ 380 nm), and eventually decays into all-trans-
retinal and opsin (Baumann, 1972; Blazynski & Ostroy,
1984; Chabre & Breton, 1979; Ebrey, 1968). The UV/Vis
spectroscopic properties suggest that Meta III contains a
reprotonated Schiﬀ base. In contrast to the ‘‘naive’’ as-
sumption in the early studies, that in Meta III the
chromophore is still bound to its original binding site,
recent accounts have suspected that little (if any) ‘‘true’’
Meta III is formed (DeGrip & Rothschild, 2000). It has
rather been argued that species absorbing in the 470 nm
region arise from one or several of the complexes that
are reversibly formed after release of all-trans-retinal
from its binding pocket. However, we have recently
shown that a post Meta II photoproduct with the
properties of true Meta III does indeed exist (Heck et al.,
2003). Using an intrinsic protein ﬂuorescence assay to
measure chromophore release, Fourier transform in-
frared spectroscopy to study changes in the rhodopsin
structure, and UV/Vis spectroscopy to monitor forma-
tion of spectrally distinct species, it was shown that a
substantial fraction of the all-trans-retinylidene is re-
tained in Meta III (dependent on pH, up to 40%), i.e. is
not released from the active site during Meta II decay.
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Full deactivation of light-stimulated photoreceptor
cells requires regeneration of opsin with metabolically
supplied 11-cis-retinal. Experiments with the opsin
apoprotein have indicated that, as long as the receptor is
not locked in the tight 11-cis-retinal/opsin dark state, the
apoprotein can recombine with all-trans-retinal, forming
several active species.
Puriﬁed opsin has a very low constitutive activity
towards Gt in the order of 10
6 of Meta II (Melia,
Cowan, Angleson, & Wensel, 1997). When exogenous
all-trans-retinal is added to puriﬁed opsin membranes, it
confers remarkable activity to the apoprotein (Cohen,
Oprian, & Robinson, 1992). Current evidence indicates
that this activation of opsin by all-trans-retinal is not
due to a small amount of the active species Meta II
formed at low equilibrium concentration. Relevant
ﬁndings include that
ii(i) All-trans-retinal induces activity not only with na-
tive opsin, but also with reductively permethylatedti
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Fig. 3. Experimental evidence for secondary binding sites of all-trans-retinal o
(1.5 lM) to opsin (3.5 lM) in disc membranes was determined from increa
presence of b-ionone (10 lM, circles). All-trans-retinal (10 lM, triangles) doe
that it has no access to the active binding site. Single exponential ﬁt (inset) of
cis-retinal of k ¼ 0:028 s1, in the presence of all-trans-retinal k ¼ 0:0325 s1
Hofmann, 2000). (B) Gt activation by light-activated rhodopsin (Meta II, le
Activity of Meta II (0.5 lM) does not depend on receptor palmitoylation, whe
retinal (1 lM) is reduced (seen as a lower slope of the Gt activation signal) wh
autoacylation of opsin restores the activity of the complex (not shown). Acti
ﬂuorescence upon GTPcS uptake. Note that the opsin/all-trans-retinal compl
et al., 2000).opsin, lacking free lysine residues (including Lys296
in the original binding site; J€ager, Palczewski, &
Hofmann, 1996).
i(ii) All-trans-retinal does not inhibit the access of 11-
cis-retinal into the binding pocket during formation
of the retinylidene Schiﬀ base with the active site
(Fig. 3A; Sachs et al., 2000) and
(iii) Removal of the palmitoyl anchors from the C-termi-
nal cysteines (Cys322, Cys323) which does not measur-
ably aﬀect the Gt-activation capacity of Meta II, has
a strong inhibitory eﬀect on the activity of opsin/all-
trans-retinal complex (Fig. 3B; Sachs et al., 2000).
Based on these measurements a secondary all-trans-
retinal binding site(s) on opsin has been inferred and the
activity was assigned to the formation of non-covalent
opsin/all-trans-retinal complexes (J€ager et al., 1996;
Sachs et al., 2000). An analogous conclusion has been
reached on the basis of physiological measurements, in
which 11-cis-retinal transiently activates opsin in the
dark before it regenerates the rhodopsin pigment (Jin
et al., 1993; Kefalov, Crouch, & Cornwall, 2001).me (s)
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n opsin. (A) Regeneration of rhodopsin upon addition of 11-cis-retinal
se of absorption at 500 nm (squares). Regeneration is inhibited in the
s not compete with 11-cis-retinal for rhodopsin regeneration, indicating
the initial phase of rhodopsin formation yielded rate constants for 11-
or b-ionone k ¼ 0:023 s1 (data taken from Sachs, Maretzki, Meyer, &
ft) and the opsin/all-trans-retinal complex (right) in disk membranes.
reas activity of palmitoylated opsin (0.5 lM) complexed with all-trans-
en the palmitoyl moieties are chemically removed. Repalmitoylation by
vation of Gt (1 lM) was determined from changes of the intrinsic Gt a
ex has a lower activity as compared to Meta II (data taken from Sachs
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complexes, reversible Schiﬀ base formation between all-
trans-retinal and peripheral lysine groups of opsin (or
phosphorylated opsin), leads to the formation of
‘‘pseudo-photoproducts’’. These products preferentially
form at pH 8.0 and interact with arrestin or rhodopsin
kinase, but an interaction with Gt is not measured
(Buczylko, Saari, Crouch, & Palczewski, 1996; Hof-
mann et al., 1992; Sachs et al., 2000). Similar (or even
identical) species formed from opsin and (endogenously
released or exogenously provided) all-trans-retinal are
described in the literature (Fig. 2), including N-retiny-
lidene-opsin (NRO; Blazynski & Ostroy, 1984) or
‘‘random’’ Schiﬀ bases (DeGrip & Rothschild, 2000).
Based on UV/Vis absorption, these products are
thought to contain all-trans-retinal bound via Schiﬀ
bases to lysine residues other than Lys296 and/or to lip-
ids, e.g. phospatidylethanolamine (PE).
In the investigations discussed below, we worked with
isolated membranes, which are easier to analyse. They
lack the metabolic machinery of regeneration, prevent-
ing complications with the kinetics of the decay reaction
but preserve the secondary retinal binding sites, which––
as we will see––depend on the native lipid composition.2. The entrance site: uptake of retinal isomers into opsin
apoprotein
When 11-cis-retinal is bound in the retinal pocket of
opsin, the intrinsic Trp ﬂuorescence of the protein is
much lower than that of the opsin apoprotein (Ebrey,Opsin in membranes 
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Fig. 4. Uptake signals: opsin ﬂuorescence changes evoked by exogenous ret
upon addition of retinals (1 lM) to opsin (1 lM) at 20 C (pH 6.5). Fluores
native membranes (upper panel) and after solubilization of the membranes
isomers to membrane-bound opsin results in a rapid initial ﬂuorescence qu
component in the case of 11-cis- and 9-cis-retinal. In solubilized samples ad
rescence changes, whereas a slow signal was obtained with 11-cis- or 9-cis-re
with the retinal isomers was performed with green light (495 nm; ﬂash symb1968; Farrens & Khorana, 1995; Heck et al., 2003). Fig.
4 shows measurements of the transition from the fully
ﬂuorescent opsin state into the quenched state after
addition of retinal isomers. In isolated disk membranes,
not only cis-isomers, which regenerate opsin to rho-
dopsin, but also all-trans-retinal (added to opsin in a 1:1
stoichiometry) causes a rapid decrease of Trp ﬂuores-
cence (Fig. 4, upper panel; Sch€adel et al., 2003). How-
ever, when 0.1% ß-dodecylmaltoside (DM) was added to
the opsin membranes, only 11-cis- and 9-cis-retinal, but
not all-trans- or 13-cis-retinal evoke signiﬁcant uptake
signals (Fig. 4, lower panel). In this case, the signal likely
corresponds to regeneration of rhodopsin (or isorho-
dopsin). Consistently, the time course of uptake signals
obtained with detergent solubilized samples matches
that of regeneration (data not shown), and a subsequent
illumination of the sample leads to an increase in ﬂuo-
rescence (‘‘release signal’’, see below) that is speciﬁc only
to retinoids that can regenerate rhodopsin or isorho-
dopsin (e.g. 9-cis-retinal, but not 13-cis-retinal).
The uptake signal with all-trans-retinal is more diﬃ-
cult to interpret. At ﬁrst glance, one may assume that it
reﬂects reversible formation of Meta II, in which the
retinal exerts almost the same ﬂuorescence quench as in
rhodopsin. However, this would be in conﬂict with the
notion that exogenously added all-trans-retinal has no
access to the active site of opsin (see above). The other
extreme would be to assume that the signal is due to a
mere retinal-dependent change in opsin–opsin interac-
tion or change in the solubilization of the protein body.
Although the detergent eﬀect shows that a change in the
hydrophobic environment of opsin can signiﬁcantly af-13-cis 9-cis
13-cis 9-cis
inal isomers. Time dependent changes in intrinsic protein ﬂuorescence
cence emission (kex ¼ 295 nm; kem ¼ 330 nm) of opsin was recorded in
with 0.1% n-dodecyl-b-maltoside (lower panel). Addition of all retinal
ench, which we have termed uptake signal. It is followed by a slow
dition of all-trans- and 13-cis-retinal does not evoke signiﬁcant ﬂuo-
tinal (for details see text). Illumination of the samples after incubation
ol).
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Fig. 5. Fluorescence changes evoked by addition of retinal isomers
after decay of active Meta II. Decay of light-activated Meta II (1 lM)
in isolated disk membranes causes a slow ﬂuorescence increase termed
release signal (Heck et al., 2003). Subsequent addition of 1 lM all-
trans-retinal (A) or 1 lM 11-cis-retinal (B) to the decay products of
Meta II results in uptake signals that fully reversed the opsin ﬂuores-
cence to its initial level. The uptake signal evoked by all-trans-retinal is
monophasic. Addition of 11-cis-retinal evoked the characteristic bi-
phasic uptake signal (see Fig. 4) and a second illumination (ﬂash
arrow) produced a release signal from recycled and photoconverted
M. Heck et al. / Vision Research 43 (2003) 3003–3010 3007fect ﬂuorescence, such an explanation is unlikely be-
cause uptake signals are only seen with opsin but not
with rhodopsin in the dark state or with active Meta II
(Sch€adel et al., 2003).
It is thus likely that the uptake signal reﬂects a spe-
ciﬁc interaction of the retinal isomers with the protein.
Although we do not know the partners involved, the
decrease in ﬂuorescence intensity is presumably due to
energy transfer processes. Because the uptake signals
from all retinal isomers are fast (Fig. 4), we assume that
they all associate very rapidly with opsin to form op-
sin  retinal complexes. The retinal binding site on opsin
was termed entrance site (Sch€adel et al., 2003) and is
likely to be identical with the secondary binding site for
all-trans-retinal, as it was inferred from the activity to-
wards Gt (Fig. 3; J€ager et al., 1996; Sachs et al., 2000).
Modeling suggests two cavities on both sides of the C-
terminal palmitoyl-cysteines of rhodopsin, in which the
retinal isomers can ﬁt, in agreement with the inﬂuence of
palmitoylation on all-trans-retinal induced opsin activ-
ity. In the case of 11-cis- or 9-cis-retinal bound to the
entrance site, the complex is the precursor of the re-
generated pigment (see below). The lack of fast uptake
signals in the presence of detergent may be explained by
the much lower eﬀective concentration of retinal isomers
in the solubilized samples as compared to that in iso-
lated disk membranes. Consistently, solubilization of
the membranes after addition of the retinal isomers
causes dissociation of the complex between opsin
and the exogenously added retinal (Fig. 5; Heck et al.,
2003).
rhodopsin. In both samples the maximum emission intensity is ob-
tained upon membrane solubilization with 0.1% dodecyl-b-maltoside
(DM). Levels of ﬂuorescence emission of 1 lM isolated opsin (i.e.
membranes stripped from endogenous retinal) before and after addi-
tion of equimolar retinal isomer are indicated by horizontal lines
(standard deviation for n ¼ 10). Fluorescence intensities are given in
counts per second (cps).3. Release of all-trans-retinal during Meta II decay
Decay of active Meta II requires both the hydrolysis
of the all-trans-retinylidene bond within the hydropho-
bic binding site of rhodopsin and the release of hydro-
lyzed all-trans-retinal from the binding pocket. The
classical studies (Matthews et al., 1963; Wald, 1968)
have led to a picture in which the photolyzed chromo-
phore is released not only from the active site but also
from opsin apoprotein into the membrane lipid phase.
In this freely diﬀusible form all-trans-retinal is thought
to be the substrate for NADPH-dependent reduction by
RDH, forming all-trans-retinol.
Release of all-trans-retinal from the active site is ex-
perimentally accessible through an accompanying pro-
nounced relief of Trp ﬂuorescence quench (Fig. 5;
Farrens & Khorana, 1995; Heck et al., 2003), which we
have termed the release signal. Interestingly, no such
signal is seen upon the preceding conversion from rho-
dopsin into metarhodopsin I and the active Meta II state
(Ebrey, 1968; Heck et al., 2003), implying that the
quench of ﬂuorescence is almost the same for Meta II, as
compared to the rhodopsin ground state. The releasesignal is seen both in puriﬁed rhodopsin in detergent
micelles (Farrens & Khorana, 1995) and in native rho-
dopsin membranes (Fig. 5; Heck et al., 2003; Sch€adel
et al., 2003). The release signal remains the same when
all-trans-retinol is formed through the endogenous
NADPH-dependent retinol dehydrogenase (RDH), and
it does not depend on concomitant regeneration with 11-
cis-retinal (discussed in Sch€adel et al., 2003).4. The exit site: uptake of retinal isomers after decay of
Meta II
Addition of all-trans-retinal after Meta II decay, i.e.
completion of the release signal resulted in an uptake
signal of the same size and kinetics as was seen with opsin
apoprotein (Fig. 5). This result is hard to understand
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Fig. 6. Intramolecular ligand channeling in rhodopsin. In rhodopsin
the chromophore is covalently attached to Lys296 within the binding
pocket of opsin. Photoisomerization to all-trans-retinal leads to active
Meta II, a fraction of which is converted to the Meta III storage form.
Hydrolysis of the retinylidene bond results in formation of the apo-
protein opsin with the photolyzed all-trans-retinal bound in the exit
site. In this state, the retinal does not quench intrinsic Trp ﬂuorescence.
Opsin eventually returns to the ground state via a transiently formed
opsin  11-cis-retinal complex, which contains both retinal isomers
bound to the entrance and exit site. Restoration of the photosensitive
receptor ground state by incorporation of 11-cis-retinal into the orig-
inal binding pocket induces dissociation of all-trans-retinal (or all-
trans-retinol) from the exit site. The all-trans-retinol-dehydrogenase
3008 M. Heck et al. / Vision Research 43 (2003) 3003–3010in the light of the classical reaction model, namely that
all-trans-retinal is released, not only from the active site
but also into the lipid bilayer. As outlined above, the fast
ﬂuorescence signal reﬂects a rapid complex formation
between the exogenously added all-trans-retinal/11-cis-
retinal and the opsin decay product of Meta II. The di-
rect comparison with the ﬂuorescence levels of opsin
stripped of the chromophore (Figs. 4 and 5) shows that
the all-trans-retinal released does no longer quench in-
trinsic Trp ﬂuorescence to any signiﬁcant degree. The all-
trans-retinal can thus not be released into the membrane
(from where it would bind to the entrance site), but must
remain bound to yet another secondary site, which we
termed exit site (Sch€adel et al., 2003). It is important to
note, that it is not simply a lower aﬃnity of the entrance
site as compared to the exit site, which holds the retinal in
the exit site. In this case, exogenously applied retinal
(added in 1:1 molar ratio to opsin) would preferentially
bind to the exit and would thus not cause the observed
uptake signal. Hence, we come to the conclusion that the
retinal released from the active site during decay of Meta
II is precluded from any exchange with the lipid bulk
phase. This means that the exit site can only be ﬁlled by
all-trans-retinal released from the active site, and not by
exchange with the lipid and thus the entrance site. One
candidate for the exit site is found from modeling on the
cytoplasmic surface of rhodopsin, where a grove is
formed by the C-terminal tail (Sch€adel et al., 2003). The
exit site is emptied on occupation of the active site with
11-cis-retinal (see below).
(RDH) has access to its retinal substrate while bound to the exit site of
opsin.5. The intramolecular retinal channeling hypothesis
The data described above show that, in addition to
the original retinylidene pocket, there are two other
retinoid binding sites within the opsin apoprotein. One
site is involved in the uptake of retinal isomers (entrance
site), while the other (exit site) is occupied when all-
trans-retinal remains bound after its release from the
active site. Further support comes from rhodopsin’s
crystal structure, which unveiled two putative hydro-
phobic binding sites (Sch€adel et al., 2003).
The passage of 11-cis-retinal from entrance to active
site and release of the photolyzed all-trans-retinal from
active to exit site is summarized in the scheme in Fig. 6.
According to this ‘‘retinal channeling hypothesis’’ the
chromophore is unidirectionally passed through the
three sites identiﬁed above.
In rhodopsin (inactive state), 11-cis-retinal is cova-
lently bound via a protonated Schiﬀ base to Lys296 in the
original binding pocket, and the intrinsic Trp ﬂuores-
cence is strongly quenched. Light absorption leads to
11-cis-/all-trans-retinal isomerization and the protein
relaxes thermally into Meta II (active state). During this
conversion, the net change in ﬂuorescence intensitiesbetween rhodopsin and Meta II is remarkably small. In
the subsequent Meta II decay reactions, a large change
in Trp ﬂuorescence (relief from quenching) occurs. In
parallel to Meta III (storage state) formation, exit and
entrance sites are now set into function. All-trans-retinal
is channeled into the exit site and the entrance opens for
freely diﬀusible retinal isomers. These steps occur in a
concerted transformation of the protein, generating the
native form of opsin (exit state). Now the RDH enzyme
has access to its all-trans-retinal substrate and can form
all-trans-retinol with NADPH as a cofactor. The cycle is
closed when fresh 11-cis-retinal binds to the entrance
site, to form the opsin Æ 11-cis-retinal complex (entrance
state), leading to regeneration of rhodopsin. The reac-
tion cycle is enabled by retinylidene hydrolysis, which is
also the link between the two ducts for 11-cis-and all-
trans-retinal, respectively (Fig. 6), with light absorption
as the source of energy. The overall process thus be-
comes unidirectional.
On binding of 11-cis-retinal to the entrance, the exit
site can release all-trans-retinal or all-trans-retinol. The
complex between opsin and exogenously provided all-
M. Heck et al. / Vision Research 43 (2003) 3003–3010 3009trans-retinal, for which an activity towards the G-pro-
tein (Fig. 3; Cohen et al., 1992; J€ager et al., 1996; Sachs
et al., 2000) and rhodopsin kinase (Buczylko et al., 1996)
has been demonstrated, may now be identiﬁed with the
state of all-trans-retinal bound to the entrance site. Be-
cause the all-trans-retinal does not aﬀect regeneration
with 11-cis-retinal (Fig. 3A; Sachs et al., 2000), the en-
trance domain must provide enough space for both
isomers. Current modeling has indeed suggested a
tandem of sites, separated from one another by the
palmitoyl moieties of rhodopsin (Sch€adel et al., 2003).
Cross-linking experiments may serve to further charac-
terize the secondary retinal binding sites.
A consequence of the reaction scheme is that empty
opsin is probably not present to a signiﬁcant amount
under conditions in situ. Only harsh treatment in vitro,
e.g. by repeated washing with bovine serum albumin or
treatment with hydroxylamine, can fully strip the exit
site. On the other hand, exogenously provided retinals
can only ﬁll the entrance site. This is the condition, in
which species like the ‘‘pseudo-photoproducts’’ can
form (Buczylko et al., 1996; Hofmann et al., 1992; Sachs
et al., 2000). They have now to be distinguished from the
endogenously formed intermediates of the Meta II de-
cay, including N-retinylidene-opsin (NRO; Blazynski &
Ostroy, 1984). Of course, ‘‘random’’ Schiﬀ bases (De-
Grip & Rothschild, 2000) can form in both situations.6. ‘‘Breathing’’ of opsin as the pacemaker of regeneration
and retinal release?
A surprising result of the recent analyses is that the
decay of Meta II and the regeneration of opsin with 11-
cis-retinal proceed with similar rates. It is tempting to
speculate that this concordance is not accidental but
rather reﬂects intrinsically coupled events. In the line of
the retinal channeling model, it is likely that the two
conformational changes that allow the passage of 11-cis-
retinal into the pocket and of photolyzed all-trans-reti-
nal into the exit site are coupled in one and the same
‘‘breath’’ of the protein. Consistent with such a model is
the ﬁnding that rate of opsin regeneration does not
signiﬁcantly depend on 11-cis-retinal concentration
(zero order reaction). Although these results could be
speciﬁc to the visual system, the intramolecular ligand
channeling might be a common mechanism for ligand
uptake and release within the large family of GPCRs.7. Physiological implications of ligand channeling
In physiological terms, the mechanism provides the
advantage that the otherwise toxic all-trans-retinal re-
mains bound to the exit site and is reduced on-site by the
NADPH-dependent RDH to all-trans-retinol. Transferof 11-cis-retinal from the entrance site to the active site
during regeneration of rhodopsin induces the release of
all-trans-retinol or all-trans-retinal from the exit site.
Large bleaches of rhodopsin may exceed the capacity of
RDH, so that reduction of all-trans-retinal becomes
rate-limiting. In this condition, regeneration would in-
duce the dissociation of all-trans-retinal from the exit
site, which then can diﬀuse into the lipid phase. In this
case, the reaction between phosphatidylethanolamine
and all-trans-retinal takes place and the ATP-dependent
ABC-transporter mechanism (Weng et al., 1999) may
become essential to remove the toxic aldehyde.References
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